the Casparian strip upon activation by the stele-derived ligand CASPARIAN STRIP INTEGRITY FACTOR 2 (CIF2), with some contribution from its homologue CIF1 (refs [14] [15] [16] [17] ).
It remains unclear in what contexts the endodermal transcription factors SHR, SCR and MYB36 have the ability to confer endodermis cell identity. Ectopic expression of SHR or overexpression of MYB36 results in a few cells with ectopic lignin deposition 8, 12, 18 ; however, these structures do not resemble a Casparian strip. Here, we show that SHR in combination with CIF2 is sufficient for endodermal identity acquisition. We determine that the major transcriptional contributor to endodermis identity is SHR, define the developmental stages that are competent to respond to SHR and CIF2 and show that endodermal identity acquisition is unstable in the absence of CIF2. We find that the CIF2 response does not depend on SCR and that the combination of SHR and CIF2 can induce identity acquisition in other root cell types. Taken together, these results provide new insight into partially redundant pathways that regulate the specification and stabilization of endodermis identity. in these lines as a result of misexpression of SHR 18 (the median percentage of subepidermal cells with ectopic CASP1 = 8.4%, interquartile range (IQR) = 0-10.8%; Fig. 1b ). Epidermal expression of SCR was unable to induce CASP1, lignin or suberin in any cells ( Supplementary Fig. 1e ,f). As was previously reported for lines driving MYB36 under a ubiquitous promoter 12 , we found that epidermis-expressed MYB36 also had limited ectopic CASP1 and lignin deposition in the epidermis, as well as suberin deposition (the median number of cells with ectopic CASP1 per epidermal view = 5, IQR = 3-8; Fig. 1c and Supplementary Fig. 1g,h) . We conclude that SHR and MYB36, but not SCR, are able to stochastically generate endodermal features in the epidermis.
CIF2 and SHR induce Casparian strip-like structures. The ectopic Casparian strip-like structures in the epidermis do not resemble the native Casparian strip. Instead, they have a 'beads-on-a-string' appearance similar to the Casparian strip found in the sgn3 receptor mutant 14 (Fig. 1b,c) . It was previously reported that SGN3 expression is significantly downregulated in shr mutants but is relatively unaffected in scr or myb36 mutants 11, 12, 15 . Recently, the peptide CIF2 was identified as a ligand for SGN3 and was shown to play a key role in sealing the Casparian strip 16, 17 . CIF2 is produced in the stele and its expression is independent of SHR [15] [16] [17] . We hypothesized that the beads-on-a-string phenotype of the ectopic Casparian strip-like structures was a result of present but inactive SGN3, as CIF2 may not be able to reach the epidermal cells.
To test this hypothesis, we treated epidermis-expressed SHR seedlings with 100 nM CIF2. This treatment resolved the beadson-a-string CASP1 phenotype and, intriguingly, also induced the expression of polarized CASP1 in most of the cells in the subepidermal layer (the median percentage of cells with ectopic CASP1 in the subepidermis = 90.4%, IQR = 87.2-100%; Fig. 1d,e ). These cells also show deposition of lignin and suberin ( Supplementary Fig. 1i -l). By contrast, plants with epidermis-expressed SCR show no markers of endodermis differentiation even when treated with CIF2 ( Supplementary Fig. 1m ,n). Ectopic Casparian strip-like structures in roots with epidermis-expressed MYB36 also have a beadson-a-string phenotype (Fig. 1c ). Treatment with CIF2 did not seal ectopic Casparian strip-like structures nor did it induce significantly more cells expressing CASP1 (the median number of cells with ectopic CASP1 per epidermal view = 6, IQR = 5-8; Supplementary  Fig. 1m -q). These results are consistent with previously published data showing that MYB36 does not regulate SGN3 expression 11, 12 . We confirmed that the induction in epidermal SHR plants is not due to SGN3 alone, as epidermis-expressed SGN3 in a sgn3-3 background was only capable of inducing rare patches of CASP1, even when treated with CIF2 (the median number of cells with ectopic CASP1 per epidermal view = 0, IQR = 0-0; without CIF2, median = 0, IQR = 0-1 with CIF2; Supplementary Fig. 2 ).
The subepidermis has limited barrier function. Epidermisexpressed SHR combined with CIF2 treatment results in an ectopic Casparian strip and suberin deposition, suggesting that this structure might form an impermeable barrier. We tested the effectiveness of the subepidermis to act as a symplastic barrier by measuring fluorescein diacetate (FDA) penetration 21 and as an apoplastic barrier by propidium iodide penetration 22 . The subepidermal layer in both pWER::SHR-GFP (green fluorescent protein) alone and pWER::SHR-GFP with CIF2 treatment had similar FDA penetration rates, suggesting that the suberin deposited in this layer has only a minor effect on symplastic flow (Supplementary Videos 1 and 2). By contrast, propidium iodide penetration was partially inhibited in the subepidermal cell layer ( Supplementary Fig. 3 ), suggesting that the ectopic endodermal cell wall components form a limited barrier, which is not as effective as the Casparian strip found in the native endodermis.
The identity of the subepidermis before and after CIF2 treatment. It has been previously proposed that the ectopic cell layers present in roots with misexpression of SHR assume the identity of the cortex 23 . To clarify the identity of the supernumerary layers, we crossed seedlings expressing pWER::SHR-GFP to two cortexassociated fluorescent transcriptional markers: CO2 and 315.1 (also termed COR) 24 . The mature cortex marker 315.1 is present before and after CIF2 treatment, although CIF2 treatment dampens its expression (the median percentage of 315.1-expressing cells in the subepidermis before CIF2 treatment = 82.1%, IQR = 73.9-87.9%; after CIF2 treatment = 36.4%, IQR = 26.5-50.4%; Fig. 2a -c and Supplementary Fig. 4 ). By contrast, the meristematic cortex marker CO2 is usually absent from the subepidermis, even before CIF2 treatment ( Fig. 2d-f ). MYB36 and SGN3 are present in both the epidermis and the subepidermis of pWER::SHR-GFP roots, before and after CIF2 treatment ( Fig. 2g-l) . Taken together, this suggests that in pWER::SHR-GFP plants, prior to CIF2 treatment, there are already transcriptional changes to the subepidermis that may prime it for endodermis identity acquisition.
After CIF2 treatment, the subepidermis resembles an endodermis in terms of the presence of a Casparian strip and the deposition of suberin. We asked whether the identity of the subepidermal cell layer resembles an endodermis at the transcriptional level or simply produces a Casparian strip-like structure in a cortex-like cell. We performed RNA sequencing (RNA-seq) on mCherry-positive cells isolated by fluorescence-activated cell sorting (FACS) from wild-type plants (CASP1-mCherry) and from plants with epidermis-expressed SHR (pWER::SHR-GFP;CASP1-mCherry), grown in the presence or absence of CIF2 ( Fig. 2m ). Note that, in all cases, cells from the endogenous endodermis contain CASP1 and are analysed along with the ectopically expressing cells ( Fig. 2m ). Interestingly, the presence of CIF2 alters relatively few genes compared to the untreated controls in both genotypes (Supplementary Table 1 ). This suggests that CIF2 acts primarily in a post-transcriptional manner on cells that are already expressing CASP1.
To further explore the identity of the subepidermal cells, we utilized the index of cell identity (ICI) tool to compare our expression profiles to those from high-resolution RNA-seq cell-type-specific profiles (RootMap 3.0) 25, 26 . The ICI tool characterizes cell identity based on the weighted expression of marker genes, defining different cell types in the root 25 by calculating an 'identity score' rather than an exclusive categorization into one cell type (for example, there can be a significant score for both the endodermis and the cortex; Supplementary Table 2 ). We found that the CASP1-expressing cells from all samples significantly associate with the mature endodermis (E30, an endodermis marker 26 ) ( Fig. 2n ). In CASP1expressing cells from epidermis-expressed SHR plants, there is also a low, insignificant score for cortex identity (315.1/COR) ( Fig. 2n ). We also carried out a multidimensional scaling plot analysis, comparing our expression profiles to those from RootMap 3.0 (ref. 26 ) ( Supplementary Fig. 5 ). The CASP1 cells from epidermis-expressed SHR plants with and without CIF2 treatment clustered closely with wild-type CASP1-positive cells and with the endodermis marker E30 ( Supplementary Fig. 5 ).
Although the FACS approach clarified the identity of the subepidermis, it did not capture changes in gene expression in the subepidermal cells that were not expressing CASP1 before CIF2 treatment. Based on the increased levels of CASP1, lignin and suberin in most of the subepidermal cells, we hypothesized that there are transcriptional changes in response to CIF2 that were not captured by FACS for CASP1-expressing cells. To address the transcriptional effect of CIF2 on subepidermal cells, we carried out whole-root RNA-seq analysis on pWER::SHR-GFP roots before and after CIF2 treatment and found that CIF2 treatment enriched for over 500 genes ( Supplementary Fig. 6a,b and Supplementary Table 3 ). These targets are expressed broadly across root cell types in RootMap 3.0 ( Supplementary Fig. 6b ). A subset of these are enriched in the endodermis, including several peroxidases, CASP-like transmembrane proteins and MYB15, which has a role in lignin deposition in defence 27 ( Supplementary Table 3 ). There were also 35 genes depleted in response to CIF2, including a subset that are normally enriched in the cortex ( Supplementary Fig. 6c ). We then examined the combined effect of CIF2 and SHR to identify genes regulated in a non-additive manner (Supplementary Table 3 and Supplementary  Fig. 6d ; see Methods). This approach determined that only 78 genes are regulated synergistically in epidermis-expressed SHR lines compared to wild-type plants, which suggests that pWER::SHR-GFP plants respond in a similar manner to CIF2 as wild-type plants ( Supplementary Fig. 6d ). Taken together, our results indicate that WER-driven expression of SHR generates a subepidermis that, in the absence of CIF2, resembles the endodermis and is primed to respond to the addition of CIF2.
CIF2 maintains the subepidermal ectopic Casparian strip. The sporadic nature of reprogrammed epidermal cells prior to CIF2 treatment suggested that the expression of the downstream targets was unstable. To analyse the dynamics of downstream targets, we live-imaged CASP1-mCherry for 24 hours in plants with epidermis-expressed SHR. We found that the ectopic CASP1 intensity fluctuates over time ( Fig. 3a , Supplementary Video 3 and Supplementary Fig. 7 ). Consistent with the stochastic expression of CASP1, SCR is also present in some but not all epidermal and subepidermal meristematic cells in epidermis-expressed SHR roots (the median percentage of cells with ectopic SCR in the epidermis and the subepidermis = 26.4%, IQR = 12.6-32.3%). This is in contrast to previous reports that SCR is only induced by epidermis-expressed SHR in the initial cells 18 (Supplementary Fig. 8 ). SCR expression is markedly different from MYB36 and SGN3 in epidermis-expressed SHR roots, which are present in most epidermal and subepidermal cells ( Fig. 2h-j Table 2 for ICI values and statistics). The black asterisks indicate ICI P < 0.05. Each experiment was repeated at least three times.
To determine whether the SHR-CIF2 induction resulted in stabilized commitment to endodermal cell identity, we transferred 5-day-old pWER::SHR-GFP seedlings that were germinated in the presence of CIF2 to plates without CIF2 for 24 hours. Under these conditions, the most mature (shootward) cells retained CASP1 expression ( Supplementary Fig. 9a ). However, in a small region of the differentiated tissue closer to the meristem, CASP1 became diffuse and depolarized ( Supplementary Fig. 9b ). Rootward of this region, which contains cells that were dividing before removal from CIF2, the root appears similar to the untreated control ( Supplementary  Fig. 9c ). To understand the dynamics of CASP1 in this unstable region, we live-imaged differentiated subepidermal cells of plants removed from CIF2 ( Fig. 3b and Supplementary Video 4). A subset of cells lost previously established CASP1 in the subepidermis within this region ( Fig. 3b and Supplementary Video 4). Although CIF2 treatment on pWER::SHR-GFP plants substantially increased the number of cells expressing CASP1 in the subepidermis, it also reduced the number of cells expressing ectopic CASP1 in the epidermis (the median number of cells expressing ectopic CASP1 in the epidermis per epidermal view = 3 cells, IQR = 2-6 with no CIF2 treatment; the median = 0, IQR = 0-2 with CIF2 treatment; Supplementary Fig. 10a ). To determine the effect of CIF2 on the few cells expressing CASP1 in the epidermis of pWER::SHR-GFP plants, we imaged epidermis-expressed SHR roots every 3 hours over a 24-hour treatment with CIF2. We found that a median of 67.8% of cells retained CASP1 expression ( Supplementary Fig. 10b ), suggesting that CIF2 does not strongly affect established CASP1 in the epidermis. CIF2 and SHR act at different developmental stages. To investigate the dynamics of the CIF2 response, we live-imaged epidermisexpressed SHR plants during CIF2 treatment. We found that cells already in the differentiation zone respond to CIF2 by expressing CASP1 in a polarized manner ( Fig. 3c and Supplementary Video 5). Because the WER promoter confers expression primarily in early meristematic cells of the epidermis, we asked whether SHR could alter the identity of cells when expressed later in the differentiation pathway. To this end, we examined plants expressing SHR under the GLABRA2 (GL2) and COBL9 promoters, which confer expression in non-hair cells of the transit-amplifying region of the meristem and in differentiated hair cells, respectively 28, 29 . It was previously reported that SHR driven by GL2 has some ectopic lignification in the epidermis 18 . Under our conditions, neither the COBL9-driven or the GL2-driven SHR lines exhibited ectopic endodermal features, even with CIF2 treatment ( Supplementary Fig. 11a-d ). This suggests that the window of competence for SHR to induce ectopic endodermal features in the epidermis is restricted to proximal meristem cells or stem cells. To further investigate the cell stage that is responsive to both CIF2 and SHR, we transiently induced SHR expression in the epidermis with an estradiol-inducible system (XVE) 20 . After removing from β -estradiol for 24 hours, we treated plants with CIF2 for 24 hours. We found that subepidermal cells in the mature regions of the plant that had been immature when treated with β -estradiol could produce ectopic Casparian strip-like structures after SHR induction and the application of CIF2 (the median percentage of subepidermal cells = 83.3%, IQR = 80-100%; for untreated, the median = 14.3%, IQR = 6.6-27.8%; Fig. 4a,b ). These results support the conclusion that SHR must be present in the meristem or in stem cells to prime cells for endodermis identity acquisition, whereas CIF2 can act later in development. In the younger sections of the root that were not treated with β -estradiol, there were a few sporadic cells with ectopic Casparian strip-like structures (the median percentage of cells with ectopic CASP1 in untreated roots = 6.2%, IQR = 0-11.1%; in CIF2-treated roots = 0%, IQR = 0-19.0%; Fig. 4c,d ). We reason that this is due to the perdurance of β -estradiol after removing plants from the source rather than CIF2 as these structures are present in both CIF2-treated and untreated plants removed from β -estradiol ( Fig. 4c,d ).
MYB36 and SGN3, but not SCR, are required for the induction of endodermal features. Neither epidermis-expressed MYB36 nor SGN3 is sufficient to induce a fully sealed ectopic Casparian strip in the presence of CIF2 (Fig. 1c,f and Supplementary Fig. 2 ). By examining SHR-CIF2 induction in mutant backgrounds, we confirmed that both of these factors are required for ectopic Casparian strip induction ( Supplementary Fig. 12 ). SCR was not sufficient to induce ectopic endodermal features ( Supplementary Fig. 1e ,f,m,n). We also tested whether SCR is necessary for SHR-CIF2 Casparian strip induction. Plants with epidermis-expressed SHR in a scr-4 background lacked the supernumerary cell divisions seen in a wild-type background and resembled scr-4 mutants containing a single mutant layer of ground tissue 18 (Fig. 5) . In both scr-4 and pWER::SHR-GFP/scr-4 lines without CIF2, lignin is deposited on the inner edge of the mutant layer (Fig. 5a,c) . Upon CIF2 treatment, the mutant layer becomes excessively lignified, especially on the outer edges, in both pWER::SHR-GFP/scr-4 (a median percentage of 90.0%, IQR = 83.9-100%) and scr-4 plants (a median percentage of 100%, IQR = 100%; Fig. 5b,d) . These results suggest that SCR is dispensable for the response to CIF2 in the formation of a Casparian strip.
Movement of SHR from the epidermis does not explain endodermal identity acquisition.
The epidermal expression of SHR induces cortex-like supernumerary layers due to the movement of SHR within the epidermal stem cells 18 . It was previously proposed that SHR cannot move from the epidermis in epidermis-expressed SHR lines based on GFP localization 18 . However, we reasoned that a small amount of SHR, below the detection levels of the previous analysis, could move into the neighbouring subepidermis and explain the formation of an ectopic Casparian strip in that cell layer. To measure SHR movement, we utilized a confocal scanning technique called paired correlation function 30 . We were unable to detect the movement of SHR from the epidermis to the subepidermis (comparable to the non-moving control pTMO5::3xGFP (ref. 30 ; Supplementary Fig. 13a ; see Methods). Yet, interestingly, the paired correlation function analysis revealed that there are low levels of SHR present in the subepidermis, which were previously not visible ( Supplementary Fig. 13a and Supplementary Table 4 ). We also generated a construct with a nuclear localization sequence (NLS tag) to attempt to interfere with SHR movement. Similar to GFP-tagged SHR, there was no movement from the epidermis to the cortex in NLS-tagged lines ( Supplementary Fig. 13a ). The inducible NLS-Venus construct had low levels of SHR detectable in the subepidermis when treated for several days with β -estradiol ( Supplementary  Fig. 13b ). Despite few supernumerary cell layers, these roots respond in a similar manner to CIF2 treatment, making an ectopic Casparian strip in their subepidermal layer (the median percentage of cortex cells with ectopic CASP1 in CIF2-treated roots = 95.2%, IQR = 90.0-100% compared to a median of 22.2%, IQR = 5.9-33.3% in untreated roots; Supplementary Fig. 13c,d) . The simplest explanation for these results is that SHR does not move from the epidermis but the WER promoter is active at very low levels in the cortex. Consistent with this, WER mRNA is present broadly in RootMap 3.0 (ref. 26 ) ( Supplementary Fig. 13e ).
SHR and CIF2 can induce the endodermis in ground tissue.
The lack of SHR movement from the epidermis suggested that the source of SHR for induction was from the subepidermis itself. To determine whether SHR combined with CIF2 can change the identity of other root cell types, we examined lines expressing SHR under the cortex promoter CO2 and the endodermis promoter EN7. Both lines produced ectopic cell divisions, although not to the extent of the pWER::SHR-GFP lines (Fig. 6 ). In pCO2::SHR-GFP lines, there are few cells with ectopic lignin (the median percentage of supernumerary cells with ectopic lignin in untreated roots = 14.3%, IQR = 12.5-27.3%; Fig. 6a ). Upon CIF2 treatment, the number of cells with lignification increases substantially (the median percentage = 85.7%, IQR = 83.3-88.8%; Fig. 6b ). In pEN7::SHR-GFP lines, there is lignification of ectopic cell files, independent of CIF2 treatment (the median percentage of supernumerary cells with lignin = 77.5%, IQR = 66.7-95% for untreated roots, a median of 100%, IQR = 100% for treated roots; Fig. 6c,d) . It is possible that the sealed, lignified domains in the absence of CIF2 in these cell files are a result of the proximity of this layer to the endogenous source of CIF2. It could also be due to the expression of SHR in the cortical-endodermal initial cell when driven by EN7, which is consistent with our results that SHR must be present in the meristem or stem cells to produce endodermal features ectopically. A non-mutually exclusive possibility is that the presence of other factors in the endodermis allows SHR to more efficiently activate downstream targets. The latter has been previously proposed for lines expressing SHR in the endodermis 8 . In conclusion, the combination of cell-autonomously expressed SHR with CIF2 is able to alter the identity of the cortex in its native context or in the context of ectopic ground-tissue layers.
Discussion
Our results establish a simple path to endodermis differentiation: the combination of the transcription factor SHR and the peptide CIF2 is sufficient. By introducing components in a non-native context, we demonstrate that the SGN3-CIF2 pathway stabilizes endodermis differentiation, a process that was assumed to function far downstream from the 'master regulator' SHR. The action of CIF2 and SHR supports a model in which the primary differentiation cues for the endodermis emerge from the neighbouring tissue, the stele. Additional support comes from our transcriptome data showing that SHR and CIF2 synergistically activate genes enriched in the stele ( Supplementary Fig. 6d , Supplementary Table 3 ). It is striking that the acquisition of the differentiated endodermis is so stable in the subepidermis and not in the epidermis. This could be because of a competing gene regulatory network present in the epidermis. Prior to CIF2 treatment, there is an obvious decrease in root hair density, which is relieved upon CIF2 treatment ( Supplementary Fig. 14) . In addition, the formation of root hairs, a hallmark of differentiation in epidermal cells, was never observed in combination with ectopic CASP1. Epidermis-expressed SHR can induce ectopic MYB36 and SGN3 in epidermal and subepidermal cells (Fig. 2h,i,k,l) . This is markedly different from ectopic SCR induced by pWER::SHR-GFP, which is present sporadically in the meristematic cells of the epidermis and subepidermis ( Supplementary Fig. 8 ). The most parsimonious explanation for these results is that SHR regulates SCR, MYB36 and SGN3 using different mechanisms. These results were surprising, as SCR was previously thought to be the link between SHR and MYB36 expression. However, here, we show that SCR is rarely present in the subepidermis and that MYB36 is present in both the epidermis and the subepidermis of pWER::SHR-GFP plants 11 ( Supplementary  Fig. 8 ). Our results suggest that SCR is not required for a general response to CIF2, which is consistent with published data showing that SGN3 is expressed independently of SCR 15 . We also show that neither SHR nor SGN3 or CIF2 alone is sufficient to induce the formation of an ectopic Casparian strip to the extent of the SHR-CIF2 combination. Consistent with these data, cif1/2, sgn3 and myb36 mutants have some lignin assembly, whereas a myb36 sgn3 double mutant has no Casparian strip (N.G., personal communication). This suggests that the MYB36 and SGN3-CIF2 pathways have some functional redundancy in contributing to barrier formation and maintaining endodermis identity.
Our results show that cells must express SHR in the meristem to be competent to respond to CIF2 and that they maintain that competence for at least several days. This further demonstrates the importance of both lineage and positional cues in plant cell differentiation 31 . We also show that cells that are no longer dividing or elongating have a narrow window in which they can reverse CASP1 localization. As lignification occurs later in development, it could be that, although the cells have established a CASP1 domain, they have not yet assembled lignin. To confirm that CIF2 does not have a general role in polarizing CASP1, we treated roots overexpressing CASP1 with CIF2 and found no polarization outside the endodermis with or without CIF2 ( Supplementary Fig. 15 ). We propose that, in the native endodermis, cell identity is initiated by SHR and stabilized by CIF2. The role of CIF2 in stabilization is only apparent with reduced levels of SHR, as observed with the ectopic expression of SHR.
A remaining question is: why is there only one layer rather than many layers of the ectopic Casparian strip? It is possible that SHR must reach a critical threshold level to activate the expression of SGN3 and MYB36, which occurs in the subepidermis but not in other supernumerary layers. It could also be that other factors involved in endodermis differentiation, such as the indeterminate domain/BIRD family, are expressed differently across the supernumerary ground-tissue layers 15, 32 . Another non-mutually exclusive possibility is that there is some paracrine signalling to inhibit neighbouring cells from acquiring endodermis identity. This may also explain why we see few cells ectopically express CASP1 in the epidermis after CIF2 induction ( Supplementary Fig. 10a ). Finally, we note the similarity of the subepidermal layer with the ectopic Casparian strip to the exodermis, which is a waterproof subepidermal layer present in most vascular plants, but absent in Arabidopsis 33 . We speculate that homologues of these components may play a role in exodermis formation in other species.
Methods
Plant growth conditions. Several plant growth conditions adjusting MS, sucrose, long day versus 24-h light, liquid and agar were tested and none altered the SHR-CIF2 induction phenotype. Seedlings were grown on 1/2× MS and 1% sucrose plates with or without 100 nM CIF2 (Invitrogen), unless otherwise noted as a 24-72-h treatment. For transgenic lines containing the XVE-inducible promoter system 20 , seedlings were germinated on MS 0.5% plates and transferred at day 2 to plates containing 10 µ M β -estradiol. All plants were imaged at 5-days old.
Clearing, staining and imaging of fixed samples. For examining CASP1 expression, 5-day-old roots were fixed in paraformaldehyde and cleared in ClearSee, as described in Kurihara et al. 34 , and cell walls were visualized with calclofluor white, as described in Ursache et al. 35 . For lines in a CASP1-GFP background, lignin localization was assessed by combining basic fuchsin and ClearSee, and suberin localization was assessed by combining Nile red and ClearSee, both described in Ursache et al. 35 . Roots were imaged on a Zeiss 880 using a × 40 or × 20 objective. The following are the excitation (ex) and detection (emission (em)) parameters: calcofluor white ex: 405 nm, em: 425-475 nm; Basic Fuchsin/mCherry ex: 561 nm, em: 600-650 nm; fluorol-yellow/GFP ex: 488 nm, em: 525-550 nm; mVenus/YFP ex: 514, em: 530-560; and Nile red ex: 561 nm, em: 600-650 nm.
For examining lignin and suberin in lines in a CASP1-mCherry background, lignin was assessed by Basic Fuchsin staining, as described in Malamy and Benfey 36 , and suberin was assessed by fluorol yellow staining, as described in Barberon et al. 21 . Basic Fuchsin-stained roots were imaged on a Zeiss 880 confocal using a plan apochromatic × 40 objective, and fluorol yellow-stained roots were imaged on a Leica DM5000 microscope using a × 10 objective (excitation/emission parameters are above). At least three biological replicates were acquired for each experiment.
All image analyses were carried out in ImageJ. For all image slices and projections, the minimum signal for each channel was adjusted by measuring the intensity histogram of the background and removing the mean and two standard deviations from the signal. Brightness was adjusted for channels with a dim signal to maximize the range of display. Supplementary Video 4 was drift corrected using Imaris software.
Live-imaging of CASP1 dynamics without CIF2 and after CIF2 treatment. At 4-days old, plants were removed from CIF2 or treated with CIF2 and imaged in a sterile chamber on a 1/2× MS, 1% sucrose and 1% agar pad. The samples in Supplementary Video 3 were carried out on a Zeiss 880 and the samples in Supplementary Videos 4 and 5 were on a Zeiss 510 (all with × 40 objective). Excitation for CASP1-mCherry was 561 nm (Zeiss 880) and 543 nm (Zeiss 510), and emission was 600-650 nm. At least three biological replicates were acquired for each experiment.
Quantification of CASP1 intensity was carried out in ImageJ. Briefly, cells were outlined using the polygon tool and the raw integrated density was measured for each time point (see Supplementary Table 5 for measurements). In a few rare cases, a time point was not recorded or the laser power was diminished as determined by autofluorescence of root hairs. In these rare cases, the frame was omitted from the analysis (see Supplementary Table 5 ).
FDA and barrier assays. FDA and barrier assays were carried out on 5-day-old plants as previously described in Barberon et al. 21 and Alassimone et al. 22 .
FACS and RNA-seq. Seeds were sterilized with 3% (v/v) sodium hypochlorite and 0.1% Tween for 5 min and rinsed five times in sterile water. Seeds were stratified for 48 h and plated on sterile 1× MS and 1% sucrose plates with or without 100 nM CIF2. Roots were harvested on day 5, digested and subjected to FACS as described previously 37 . Total RNA was isolated using the RNAeasy Micro Kit (Qiagen). RNA integrity and quantity were assessed on the Agilent Bioanalyzer system and QuBit, respectively (Thermo Fisher Scientific). cDNA synthesis for library preparation was carried out using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing (Takara). The Low Input Library Prep Kit v2 (Takara) was used to prepare libraries for sequencing. Single-end reads were obtained using the Illumina HiSeq 4000 platform at the Duke University Sequencing Core (Durham, NC, USA).
Whole-root RNA-seq. Seeds were sterilized with 3% (v/v) sodium hypochlorite and 0.1% Tween for 5 min and rinsed five times in sterile water. Seeds were stratified for 48 h and plated on sterile 1× MS and 1% sucrose plates with or without 100 nM CIF2. Roots were harvested on day 5 and RNA was isolated using the RNAeasy Mini Kit (Qiagen). RNA integrity and quantity were assessed on the Agilent Bioanalyzer system and QuBit, respectively (Thermo Fisher Scientific). mRNA libraries were prepared using the KAPA-stranded mRNA-seq kit (Roche). Single-end reads were obtained using the Illumina HiSeq 4000 platform at the Duke University Sequencing Core. Three biological replicates were acquired for each experiment.
Sequencing analysis.
All scripts for analysis can be found on GitHub: https:// github.com/cdrapek/Endodermis. Briefly, reads were aligned with TopHat (mapping results are available in Supplementary Table 6 ). Counts were normalized using the Bioconductor edgeR package 38 . Differentially expressed gene lists ( Supplementary Tables 1 and 3) were identified using the edgeR generalized linear model 38 . For FACS samples, results were filtered by log fold change (logFC) > 0.3 and P < 0.01, with the exception of two comparisons, which were also filtered by false discovery rate (FDR) < 0.05 (pWER::SHR-GFP + CIF2 versus CASP1-mCherry + CIF2; pWER::SHR-GFP versus CASP1-mCherry; Supplementary Table 1 ). For whole-root samples, results were filtered by logFC > 0.3 and FDR < 0.05 (Supplementary Table 3 ). For calculating the combination effect of SHR and CIF2, we removed significant differences from CIF2 treatment in wild-type plants from CIF2 differences in epidermis-expressed SHR (contrasts are available at: https://github.com/cdrapek/Endodermis). Multidimensional scaling analysis was carried out using the MDS function in edgeR to select samples pairwise from FACS libraries described in this paper and RootMap 3.0. For ICI analysis, marker Spec scores and ICI values were calculated as previously described 25 . Briefly, Spec scores were calculated from RootMap FPKM (fragments per kilobase of transcript per million mapped reads) RNA-seq data with the 'getAllSpec' function and the default filters (medianfilter = 0, cuts = FALSE and distshape = 0). The ICI was calculated for each replicate using the 'getIdentity' function. Values reported are for the normalized ICI score. Significance was determined from FDR-corrected P values (Supplementary Table 2 ). Three biological replicates for each genotype and treatment were acquired.
Cell counting and statistical analysis.
A subset of randomly selected images from experiments was used for counting cells or calculating the percentage of cells with ectopic features (all counts for all medians and IQRs are recorded in Supplementary Table 7 ). The distribution of data was plotted using R. No experiment had mostly normal distribution; thus, we used the Mann-Whitney test to determine the P value. Prism software was used for statistical analysis.
Paired correlation function. Paired correlation function was carried out as previously described in Clark et al. 30 . Briefly, time series were carried out on a Zeiss 880 on propidium iodide-stained roots (to determine the location of the cell wall) with a × 40 objective using the parameters for GFP and YFP described in the Clearing, staining and imaging section above. Images were analysed using SimFCS software and statistical analysis was carried out as described in Clark et al. 30 
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
Software and code
Policy information about availability of computer code
Data collection
We used Zen software to collect images on the microscope.
Data analysis
We used ImageJ software for data analysis, Microsoft Excel, Prism and R for statistical analysis, Bioconductor for RNAseq analsysis. All code is available on https://github.com/cdrapek/Endodermis/ For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability Tables 1 and 3 contain counts for all replicates of all RNA-seq analyses.
